Some applications such as ultrafast detectors or high efficiency photovoltaics require absorption by thin films. However, close to the bandgap, silicon absorbs very poorly. In this letter, we show that the absorption of a 100 nm slab can be as high as 50% in the range of wavelengths 700-830 nm when using a periodic structure properly designed. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3021480͔
Emission and absorption efficiency of silicon for wavelengths close to its bandgap are very weak due to the indirect bandgap of this semiconductor. It is simple to analyze the different possibilities to address this issue. Absorption by a device is proportional to the integral over the device volume of Im͑⑀͒, namely, the imaginary part of the dielectric constant and the square modulus of the electric field in the absorbing device
The standard approach to enhance absorption is to increase the absorption volume. However, this is not desirable when dealing with electron-hole pairs that can recombine before being extracted. An alternative route is to increase the intrinsic losses given by Im͑⑀͒. A lot of work in the field of material science has been devoted to modify the properties of the material. 1 Finally, one can use optical resonators to enhance the local electromagnetic field E. It follows that complete absorption can be obtained with a given material and a small volume provided that the enhancement of the local field is large enough. In what follows, we use the name optical antennas for devices that play this role. Simple microcavities can be used in principle. Many applications in the field of resonant detectors have been reported along these lines. 2 The limitation is that such structures are thick as they are made of a vertically grown stack of layers constituting the Bragg mirror.
However, solutions to increase the absorption of microstructured materials, taking advantage of other kind of resonances, have been studied. Total absorption by lamellar metallic gratings was demonstrated by Popov et al. 3 Absorption of deep lamellar gratings of doped silicon exhibiting organ pipe modes was reported in Refs. 4 and 5. Also, absorption resonances can occur in dielectric antennas made of an infinite array of nanorods. 6 Efficient optical antennas were also demonstrated for thermal emission. By excitation of surface plasmons on doped silicon, one could enhance thermal emission from shallow lamellar gratings and control its directivity. 7 Similar properties were reported using the excitation of guided modes in periodically corrugated waveguides. 8 In this letter, we show that a freestanding periodic membrane of 100 nm, which is of the order of a tenth of the skin depth, of undoped silicon can absorb up to 50% of the incoming light at = 700-830 nm. This is over one order of magnitude higher than the absorption factor of a homogeneous slab, which is on the order of 1% in this range of wavelengths. Two physical mechanisms will be emphasized, depending on the filling factor. For a weakly perturbed waveguide, the resonant absorption is shown to follow the dispersion relation of guided modes. For a small filling factor ͑strongly perturbed waveguide͒, we show that the physical mechanism differs from guided mode resonances.
As shown in Fig. 1 , the system under study is a slab of silicon corrugated by a periodic array of infinite slits parallel to the y-axis. We denote a as the period of the structure, f is the filling factor, t is the thickness of the slab, and z is the normal axis. The incident electromagnetic plane wave is defined by its wave vector k and both incident angles and .
is the incident angle between the incident wavevector and the z-axis, whereas is the angle between the incident plane and the x-axis. The angle ⌿ between the electric field and the incident plane indicates the polarization. We denote TM polarization for ⌿ = 0°and TE polarization for ⌿ = 90°. Neither the environment nor scale effects are discussed in this paper. Using the rigorous coupled wave analysis, 9 we investigate the absorption properties in the visible-near infrared region of a freestanding membrane made of silicon. We have chosen to study the properties of a film of a given period a = 0.54 m and thickness t = 0.1085 m.
Let us first consider a weakly perturbed waveguide with high filling factor f = 0.95. Fig. 2͑a͒ , a bright line appears corresponding to a high absorption factor close to 50%. Figure 2͑b͒ shows the dispersion relation of the unperturbed waveguide mode and the absorption factor in TM polarization in the plane ͑ , ͒ for = 0°. We observe that the region of high absorption coincides approximately with the dispersion relation of TM modes of the unperturbed waveguide ͑yellow +, calculated analytically͒ folded into the first Brillouin zone. Each line corresponds to an integer p corresponding to the incoming wavevector k = K WG + p2 / a, where K WG is the wavevector of the unperturbed guided mode. It is seen that the physical mechanism responsible for this high absorption is the resonant excitation of a guided mode coupled to the incoming propagating wave through the periodicity of the grating. The small discrepancy is due to the perturbation introduced by the slits in the dispersion relation of the guided modes. Figure 2͑c͒ displays the amplitude of the diffracted orders at the illuminated interface of the grating versus the incident angle for = 0°or equivalently k y = 0, and = 830 nm. We see that the absorption peak coincides with the resonant excitation of the −1 order and then to the wavevector of the guided mode. This result confirms the interpretation of a coupling between the guided mode ͑−1͒ of the grating and the incident wave. In summary, the absorption factor of a slightly perturbed silicon thin film can reach 50% at 830 nm by resonant coupling to the guided mode through the periodic array of slits. 
FIG. 2.
͑Color online͒ TM polarization. ͑a͒ Polar representation of the absorption factor for = 830 nm of a silicon grating with period a = 0.54 m, thickness t = 0.1085 m, and filling factor f = 0.95. ͑b͒ Dispersion relation of the unperturbed waveguide mode and absorption factor in the plane ͑ , ͒, respectively, represented by yellow markers +, and color scale from bright ͑0.5͒ to dark ͑0͒. ͑c͒ Amplitude of the −1, +1, −2, +2 diffracted orders ͑normalized to the amplitude of the incoming 0 order͒ vs the incident angle for =0°, = 830 nm. At this wavelength, only the 0 order is propagating.
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We now turn to the study of a strongly perturbed waveguide with filling factor f = 0.5. Figure 3͑a͒ displays the absorption factor in the normalized ͑k x , k y ͒ plane for a wavelength = 700 nm. We observe a narrow and bright spot corresponding to a high and very directional absorption, close to k x Ӎ 0.15, corresponding to = 0°and = 5°. This structure does not follow the dispersion relation of a guided mode for a homogeneous slab. This is not surprising for a filling factor f = 0.5. Figure 3͑b͒ represents the absorption factor in the plane ͑ , ͒ for = 0°. The resonant absorption ͑bright spot around =5°͒ only exists in a very narrow range of incident angles and wavelengths. The field has also a much more complicated structure as the amplitudes of several evanescent diffracted orders ͑not shown͒ exhibit an amplification.
To understand the underlying physics of this resonance, we plot in Fig. 4 the map of the real part of the magnetic field at the resonance of absorption. We clearly see an enhancement of the field ͑normalized to the incident intensity͒ by a factor of 15 and a structure of an antisymmetric mode ͑with respect to the x-axis͒ inside the Si rod. This type of resonance was already discussed by Lalanne et al. in Ref. 11 in the case of a reflection resonance for a similar structure but with no losses. As discussed in the latter, this resonance can be interpreted in terms of Fabry-Pérot resonances of a weakly coupled antisymmetric Bloch mode propagating along the z-direction. The antisymmetry of the Bloch mode explains why the resonance cannot be excited in normal incidence. The Fabry-Pérot character is revealed by studying the dependence of the resonance wavelength as a function of the thickness, as shown in Fig. 5 . As expected, we find an almost linear dependence.
In conclusion, our results show that a resonant grating offers a very efficient way to improve the interaction of light and silicon close to the bandgap. With only 100 nm thick grating, the absorption can reach 50% in the spectral range 700-830 nm. We have shown that depending on the filling factor of the grating, the absorption resonance was due to two different physical mechanisms. The first holds for a weakly corrugated waveguide and lies on the excitation of a guided mode. The second is due to the excitation of an antisymmetric mode which exhibits a vertical Fabry-Pérot resonance. 
